B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1) is a component of the polycomb repressive complex 1 (PRC1) complex that is overexpressed in breast and other cancers, and promotes self-renewal of cancer stem-like cells. The oncogenic mucin 1 (MUC1) C-terminal (MUC1-C) subunit is similarly overexpressed in human carcinoma cells and has been linked to their self-renewal. There is no known relationship between MUC1-C and BMI1 in cancer. The present studies demonstrate that MUC1-C drives BMI1 transcription by a MYC-dependent mechanism in breast and other cancer cells. In addition, we show that MUC1-C blocks miR-200c-mediated downregulation of BMI1 expression. The functional significance of this MUC1-C → BMI1 pathway is supported by the demonstration that targeting MUC1-C suppresses BMI1-induced ubiquitylation of H2A and thereby derepresses homeobox HOXC5 and HOXC13 gene expression. Notably, our results further show that MUC1-C binds directly to BMI1 and promotes occupancy of BMI1 on the CDKN2A promoter. In concert with BMI1-induced repression of the p16 INK4a tumor suppressor, we found that targeting MUC1-C is associated with induction of p16 INK4a expression. In support of these results, analysis of three gene expresssion data sets demonstrated highly significant correlations between MUC1-C and BMI1 in breast cancers. These findings uncover a previously unrecognized role for MUC1-C in driving BMI1 expression and in directly interacting with this stem cell factor, linking MUC1-C with function of the PRC1 in epigenetic gene silencing.
INTRODUCTION
The B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1) protein is a component of the polycomb repressive complex 1 (PRC1). 1,2 BMI1 binds to the catalytic RING2 subunit to form an E3 ubiquitin ligase that catalyzes the mono-ubiquitination of histone H2A and thereby promotes gene silencing. [3] [4] [5] [6] BMI1 contributes to the self-renewal of normal stem cells, at least in part, by repressing the CDNK2A locus, which encodes the p16 INK4a and p14 ARF tumor suppressors. 1, 2 BMI1 is overexpressed in breast and other carcinomas and is associated with poor outcomes. 2, 7, 8 In addition, BMI1-induced suppression of p16 INK4a expression has been attributed to involvement of BMI1 in promoting the selfrenewal and tumorigenic potential of cancer stem-like cells (CSCs). 1, 2, 9, 10 BMI1 is also critical for the self-renewal of leukemic stem cells. 11, 12 In concert with a role in stemness, BMI1 has been linked to (i) stabilization of SNAIL, (ii) downregulation of the PTEN tumor suppressor, (iii) induction of the epithelial-mesenchymal transition (EMT) and (iv) chemoresistance. 2, 13, 14 Additionally, BMI1mediated ubiquitylation of H2A and γH2AX facilitates the DNA damage response and repair of double-stranded DNA breaks (DSBs). 15 Those findings and the inhibitory effects of BMI1 on DSBinduced CHK1 and CHK2 checkpoint activation have supported the notion that BMI1 promotes genomic instability and transformation. [15] [16] [17] [18] BMI1 has thus emerged as an attractive target for the treatment of cancer; however, there are presently no clinically available BMI1 inhibitors. 10 Other strategies, such as downregulation of BMI1 translation by miR-200c, 19 have therefore been explored as approaches for targeting BMI1 in cancer cells.
Mucin 1 (MUC1) is a heterodimeric protein that is aberrantly overexpressed in breast and diverse other carcinomas. 20, 21 The transmembrane MUC1-C-terminal (MUC1-C) subunit induces transformation in part by interacting with receptor tyrosine kinases at the cell membrane and promoting their activation and downstream signaling pathways. [21] [22] [23] In addition, MUC1-C is imported into the nucleus, where it associates with β-catenin/TCF4 and drives activation of the WNT pathway CCND1 and MYC genes. [24] [25] [26] MUC1-C also activates the inflammatory TAK1 → IKK → NF-κB p65 pathway, binds directly to NF-κB p65 and promotes the induction of NF-κB target genes. [27] [28] [29] In this way, MUC1-C/NF-κB p65 complexes activate transcription of the ZEB1 gene, which encodes an EMT-inducing transcription factor. 30 In turn, ZEB1 suppresses miR-200c and activates the EMT program. 30 MUC1-C also promotes EMT by activating the LIN28B → Let-7 pathway. 31 Other studies have demonstrated that MUC1-C is necessary for the CSC phenotype as evidenced by the demonstration that targeting MUC1-C inhibits self-renewal capacity and tumorigenicity. 23, 32, 33 The findings that MUC1-C is of importance for EMT and stemness invoked the possibility that MUC1-C may also be involved in the epigenetic regulatory mechanisms that control these programs. 34 Indeed, subsequent work has shown that MUC1-C induces the DNMT1 (DNA methyltransferase) and DNMT3b genes encoding DNA methyltransferases and thereby regulates global and genespecific DNA methylation patterns. 35, 36 Interestingly, MUC1-Cinduced DNMT1 and DNMT3b expression is conferred by an NF-κB p65-dependent mechanism, linking MUC1-C to the inflammatory TAK1 → IKK → NF-κB and the epigenetic regulation of EMT and stemness. 35 These findings have also supported the notion that MUC1-C may control other epigenetic regulatory mechanisms, such as modifications of chromatin-associated histones, to achieve additional changes in gene expression.
The present studies demonstrate that targeting MUC1-C in diverse carcinoma cells is associated with downregulation of BMI1, RING1 and RING2 expression, indicating that MUC1-C induces the major components of the PRC1 complex. We have focused on MUC1-C-mediated regulation of BMI1 and demonstrate that MUC1-C (i) activates BMI1 transcription by a MYC-dependent mechanism, and (ii) blocks miR-200c-mediated downregulation of BMI1 expression. In concert with these results, we show that targeting MUC1-C decreases ubiquitylation of H2A and derepresses homeobox (HOX) genes. We also show that MUC1-C interacts with BMI1 on the CDKN2A promoter and contributes to repression of the p16 INK4a tumor suppressor.
RESULTS
Silencing MUC1-C downregulates expression of the PRC1 complex The PRC1 complex includes BMI1, RING1 and RING2. To assess the potential role of MUC1-C in regulating this complex, we established BT-549 breast cancer cells that stably express a tetracycline-inducible tet-on control shRNA (tet-CshRNA) or MUC1shRNA (tet-MUC1shRNA). Treatment of BT-549/tet-CshRNA cells with doxycycline (DOX) had no significant effect on MUC1-C or BMI1 mRNA levels ( Figure 1a , left and right). In contrast, DOX treatment of BT-549/tet-MUC1shRNA cells resulted in suppression of both MUC1-C and BMI1 expression ( Figure 1b , left and right). In concert with these results, BMI1 protein was also downregulated in response to MUC1-C silencing ( Figure 1c ). Intriguingly, targeting MUC1-C was also associated with suppression of RING1 and RING2 mRNAs (Supplementary Figure 1A) , indicating that MUC1-C induces expression of multiple members of the PRC1 complex. BMI1 is upregulated in diverse cancers and confers a poor prognosis. 2, 7, 8 Accordingly, we have focused our studies here on the regulation of BMI1. In support of the results obtained with BT-549 cells, DOX treatment of MDA-MB-231/tet-MUC1shRNA, but not MDA-MB-231/tet-CshRNA, cells was similarly associated with downregulation of BMI1 mRNA (Figure 1d , left; Supplementary Figure 1B ) and protein (Figure 1d , right). Moreover, similar results were obtained with BT-20 ( Supplementary Figure 2A) and MDA-MB-468 (Supplementary Figure 2B ) triple-negative breast cancer cells. To extend this line of investigation, we found that targeting MUC1-C in KRAS-mutant A549 (Supplementary Figure 2C ) and H460 (Supplementary Figure 2D ) lung cancer cells also results in suppression of BMI1 expression, indicating that this response is not restricted to breast cancer. To further investigate the relationship between MUC1-C and BMI1, we stably overexpressed MUC1-C in BT-20 cells. Upregulation of MUC1-C was associated with increases in BMI1 mRNA and protein levels ( Figure 1e , left and right), providing further support for the notion that MUC1-C induces BMI1 expression.
Targeting the MUC1-C CQC motif downregulates BMI1
The MUC1-C cytoplasmic domain includes a CQC motif, which is essential for the formation of MUC1-C homodimers and thereby the MUC1-C oncogenic function (Figure 2a ). As a result, enforced expression of MUC1-C(AQA) in which the CQC motif has been mutated to AQA blocks MUC1-C homodimerization and functions as a dominant-negative for transformation. 37 Consistent with a role for MUC1-C in driving BMI1, expression of MUC1-C(AQA) in BT-549 cells was associated with downregulation of BMI1 ( Figure 2b ). Studies were also performed with the MUC1-C inhibitor GO-203 ( Figure 2a ), which binds to the MUC1-C CQC motif and blocks homodimerization. 38, 39 Treatment of BT-549 cells with GO-203, but not the control peptide CP-2, was associated with downregulation of BMI1 mRNA and protein ( Figure 2c right) cells, confirming that targeting MUC1-C suppresses BMI1 expression.
MUC1-C drives BMI1 transcription by a MYC-dependent mechanism
The upregulation of BMI1 in cancer cells has been attributed, at least in part, to MYC-induced activation of the BMI1 promoter, which contains a consensus E-Box (CACGTG) for MYC binding (Figure 3a , upper panel). 40 In studies of BT-549/tet-MUC1shRNA cells, DOX treatment was associated with downregulation of a BMI1 promoter-reporter (pGL3-BMI1PrWT; Figure 3a , lower panel). Moreover, treatment of BT-549 cells with GO-203 was associated with downregulation of the BMI1 promoter-reporter ( Figure 3b ), indicating that MUC1-C activates BMI1 transcription. Studies in BT-549 cells further demonstrated that activation of the pBMI1 promoter is abrogated by mutation of the E-Box (pGL3-BMI1PrMut; Figure 3c , left). In addition, cotransfection of MUC1-C and pGL3-BMI1PrWT or pGL3-BMI1PrMut further demonstrated that MUC1-C activates the BMI1 promoter-reporter by a MYC-mediated mechanism (Figure 3c , right). Notably, MUC1-C drives MYC expression in NSCLC, 25 multiple myeloma 26 and breast cancer 41 
MUC1-C regulates BMI1 expression by an NF-κB-mediated mechanism
In addition to driving MYC (Figure 2a ), MUC1-C also activates NF-κB p65 [27] [28] [29] and thereby induces expression of the ZEB1 transcriptional repressor. 30 In concert with this MUC1-C → NF-κB p65 → ZEB1 pathway, we found that DOX-induced silencing of MUC1-C in BT-549/tet-MUC1shRNA cells is associated with decreases in phospho-NF-κB p65 (p-p65) and ZEB1 ( Figure 4a ). Similar results were obtained in experiments with MDA-MB-231 cells (Supplementary Figure 3A) . The importance of NF-κB p65 in induction of ZEB1 expression was further supported by the demonstration that silencing NF-κB p65 is associated with decreases in ZEB1; however, surprisingly, we also found that NF-κB p65 functions upstream to BMI1 (Figure 4b ). Inhibition of NF-κB activity with BAY-11-7085 also suppressed ZEB1 and BMI1 expression ( Figure 4c ; Supplementary Figure 3B ). MUC1-C/ZEB1 complexes bind to highly conserved Z-boxes in the miR-200c promoter and thereby suppresses miR-200c expression. 30 In this context, targeting MUC1-C resulted in induction of miR-200c Targeting MUC1-C decreases ubiquitylation of H2A and activates the HOX gene expression Studies in mouse models and human HeLa cells have demonstrated the Bmi1/BMI1 is of importance for H2A ubiquitylation and homeobox (HOX) gene silencing. 5, 43 Accordingly, we first investigated whether targeting MUC1-C affects ubiquitylation of H2A (H2AK119Ub1). Indeed, DOX-induced MUC1-C silencing in BT-549/ tet-MUC1shRNA cells was associated with decreases in H2AK119Ub1 levels (Figure 5a ). Similar results were obtained in DOX-treated MDA-MB-231/tet-MUC1shRNA cells (Figure 5b ). Moreover, inhibition of MUC1-C with GO-203, but not the control CP-2, resulted in marked downregulation of H2AK119Ub1 in BT-549 ( Figure 5c ) and MDA-MB-231 ( Figure 5d ) cells. H2AK119Ub1 localizes to the 5′ regulatory region of the HOXC5 gene and represses HOXC5 transcription. 43 In concert with involvement of MUC1-C in driving BMI1 and H2AK119Ub1, targeting MUC1-C in BT-549/tet-MUC1shRNA (Figure 5e , left) and MDA-MB-231/tet-MUC1shRNA (Figure 5f , left) cells significantly induced HOXC5 mRNA levels. Loss of H2AK119Ub1 has also been linked to upregulation of HOXC13 gene expression. 5 In this respect, we also found that targeting MUC1-C is associated with increases in HOXC13 mRNA levels (Figure 5e , right and Figure 5f , right). Studies in BT-20 cells further demonstrated that overexpression of MUC1-C results in downregulation of HOXC5 and HOXC13 mRNA levels ( Supplementary Figure 4 , left and right), confirming that MUC1-C represses expression of these HOX genes.
MUC1-C binds directly to BMI1 and promotes BMI1-mediated repression of CDKN2A BMI1 silences the INK4a/ARF (CDKN2A) tumor suppressor locus, which encodes the p16 INK4a protein inhibitor of CDK4 and CDK6, [44] [45] [46] by binding directly to the BMI1-response element (BRE) in CDKN2A promoter 47 (Figure 6a ). By extension, chromatin immunoprecipitation (ChIP) analysis of BT-549 cell chromatin demonstrated occupancy of BMI1 on the CDKN2A promoter (Figure 6b ). Moreover and surprisingly, re-ChIP studies further demonstrated occupancy of BMI1 with MUC1-C (Figure 6c ). In concert with this result, a primary ChIP with anti-MUC1-C confirmed localization of MUC1-C on the CDKN2A promoter ( Figure 6d ). To determine if BMI1 associates with MUC1-C, in vitro studies were performed with GST-tagged BMI1 and purified MUC1-C cytoplasmic domain (MUC1-CD). The results showed direct binding of these proteins (Figure 6e ). Mutation of the MUC1-CD CQC motif to AQA abrogated the binding (Figure 6e) , indicating that the interaction between BMI1 and MUC1-C is conferred by the Cys residues. Notably, targeting MUC1-C in BT-549/tet-MUC1shRNA cells resulted in induction of p16 INK4a mRNA and protein (Figure 6f , left and right). Similar results were obtained in DOX-treated MDA-MB-468/tet-MUC1shRNA cells (Supplementary Figure 5A) . Additionally, stable overexpression of MUC1-C in BT-20 cells was associated with downregulation of p16 INK4a mRNA and protein (Supplementary Figure 5B) . BMI1 functions as a repressor of the CDKN2A and CDH1 genes. 2, 13 Therefore, to extend this line of investigation, we silenced BMI1 in the BT-20/MUC1-C overexpressing cells and found upregulation of p16 INK4a expression ( Supplementary Figure 5C ), supporting the premise that MUC1-C → BMI1 signaling represses expression of the p16 INK4a tumor suppressor and well-established marker of senescence. 48 Silencing BMI1 in the BT-20/MUC1-C cells was also associated with induction of E-cadherin (Supplementary Figure 5C ), which is downregulated in association with the CSC phenotype of EMT, migration and invasion. 49 
MUC1-C correlates with BMI1 expression in breast cancers
Based on the above findings, we analyzed microarray data sets to determine whether MUC1 expression is associated with that of BMI1 in breast tumors. MUC1 expression was significantly elevated in primary breast cancer samples (n = 389) as compared with that in the normal breast tissues (n = 61; Figure 7a panel). To investigate the correlation between MUC1 and BMI1, we performed bioinformatics analysis on publicly available data sets from cBioPortal and Gene Expression Omnibus (GEO). Analysis of breast tumors (n = 1980) demonstrated that MUC1 and BMI1 expression correlate positively (Figure 7b ). Similar findings were obtained in the TCGA breast cancer data set (n = 528), in which MUC1 expression positively correlated with BMI1 levels (Figure 7c ). We further investigated the nature of this relationship in triplenegative breast cancers and found a strong positive correlation between MUC1 and BMI1 (Figure 7d ). In concert with the findings that MUC1-C drives RING1 and RING2 ( Supplementary Figure 1) , we also found significant correlations between expression of MUC1 and these members of the PRC1 complex ( Supplementary  Figures 6A and B) .
DISCUSSION
Overexpression of MUC1-C in cancer cells promotes self-renewal capacity, tumorigenicity and stemness. 23, [31] [32] [33] 50 Additionally, MUC1-C has been linked to induction of EMT. 30 BMI1 has also been characterized as a cancer stem-like cell factor that drives EMT and invasion. 1, 2, 10, 13, 51 However, there has been no known association between MUC1-C and BMI1. The present studies demonstrate that targeting MUC1-C in cancer cells results in suppression of BMI1 expression, invoking the possibility that MUC1-C participates in activation of the BMI1 gene. Indeed, our results demonstrate that MUC1-C activates BMI1 transcription. Little is known about regulation of the BMI1 gene in cancer cells; however, BMI1 has been linked to repression of the Dickkopf (DKK) family of WNT inhibitors and thereby activation of the WNT/ β-catenin pathway and an autoinductive loop involving MYC. 52 In contrast to the DKK mechanism, MUC1-C binds directly to and stabilizes β-catenin, and thereby activates WNT/β-catenin signaling. 24, 53, 54 MUC1-C thus forms complexes with β-catenin and TCF4 on the promoters of WNT target genes, such as CCND1 and MYC, and activates their transcription. [24] [25] [26] In this way, MUC1-C drives MYC expression in NSCLC and multiple myeloma cells. 25, 26 The present work demonstrates that MUC1-C similarly upregulates MYC in breast cancer cells and, as found in neuroblastomas, 40 activates the BMI1 gene. We also found that MUC1-C blocks miR-200c-mediated downregulation BMI1 expression. 19 In this context, MUC1-C drives an inflammatory TAK1 → IKK → NF-κB autoinductive pathway that integrates activation of ZEB1 with suppression of miR-200c and induction of EMT. [27] [28] [29] [30] These findings thus supported a model in which 
MUC1-C drives BMI1 expression by transcriptional and posttranscriptional mechanisms.
PRC1 includes BMI1, RING1 and RING2, and possesses H2A-K119 ubiquitin E3 ligase activity. 3 RING2 is the catalytic subunit, whereas BMI1 is necessary for activity by maintaining integrity of the complex 5 and directly stimulates RING2 function. 43 Interestingly, we found that, in addition to BMI1, targeting MUC1-C is associated with downregulation of RING1 and RING2 expression, indicating that MUC1-C induces multiple PRC1 members. Moreover, we found that expression of MUC1 in breast cancers significantly correlates with that of BMI1, RING1 and RING2, supporting our in vitro findings. The present work focused on how MUC1-C drives BMI1 expression; nonetheless, subsequent studies will be needed to define how MUC1-C directs RING1 and RING2 expression in cancer cells. In concert with the function of PRC1 as an H2A ubiquitin E3 ligase, targeting MUC1-C with silencing or the GO-203 inhibitor resulted in marked downregulation of H2AK119Ub1 levels. Ubiquitylation of H2A, which is found in 5-15% of total cellular H2A, has been associated with gene repression. 3, 55 Specifically, PRC1-mediated ubiquitylation of H2A represses HOX genes, which encode transcriptional regulators involved in spatial animal development. 56 By extension, we found that targeting MUC1-C with downregulation of H2A ubiquitylation was associated with derepression of HOXC5 43 and HOXC13. 5 Genome-wide mapping has identified groups of genes with H2AK119Ub1 enrichment that are targets of PRC1 silencing. 57 These genes maintain embryonic stem cell identity, indicating that H2A ubiquitylation is of importance for stem cell self-renewal. 57 PRC1-mediated H2A ubiquitylation may also contribute to transformation by regulating repair of DSBs 15 and inhibiting of DSB-induced CHK1 and CHK2 checkpoint activation. [15] [16] [17] [18] Therefore and in addition to HOX gene repression, a role for MUC1-C in driving BMI1-mediated H2A ubiquitylation could also contribute to self-renewal and genomic instability of cancer cells.
Evidence is accumulating that MUC1-C is of importance for the epigenetic regulation of gene expression in cancer. MUC1-C In the re-ChIP analysis, BMI1 precipitates were released and re-immunoprecipitated with anti-MUC1-C and a control IgG. (d) Soluble chromatin from BT-549 cells was precipitated with anti-MUC1-C or a control IgG. The final DNA samples were amplified by qPCR with primers for the CDKN2A promoter. The results (mean ± s.d. of three determinations) are expressed as the relative fold enrichment compared with that obtained with the IgG control (assigned a value of 1). (e) GST and GST-BMI1 were incubated with either purified MUC1-CD or MUC1-CD(AQA). The adsorbates were immunoblotted with anti-MUC1-C. Input of the GST proteins was assessed by Coomassie blue staining. (f) BT-549/tet-MUC1shRNA cells were treated with or without DOX for 7 days. p16 INK4a mRNA levels were determined by qRT-PCR. The results (mean ± s.d.) are expressed as relative p16 INK4a mRNA levels compared with that obtained for control DOX-untreated cells (assigned a value of 1; left). Cell lysates cultured with or without DOX for 12 days were immunoblotted with the indicated antibodies (right).
induces expression of DNMT1 and DNMT3b in breast and other cancer cells. 35 MUC1-C occupies the DNMT1 and DNMT3b promoters in complexes with NF-κB p65 and activates their transcription. 35 In this way, MUC1-C regulates global and gene promoter-specific DNA methylation patterns in cancer cells. 35, 36 The present work extends the involvement of MUC1-C in epigenetic regulation by demonstrating that MUC1-C binds directly to BMI1 and occupies the CDKN2A promoter in complexes with BMI1, indicating that MUC1-C may function as a component of PRC1. Moreover, the finding that MUC1-C contributes to BMI1 occupancy on the CDKN2A promoter could be function of the direct binding to BMI1 and/or the demonstration that MUC1-C promotes expression of BMI1 and other PRC1 members. Of significance is the demonstration that targeting MUC1-C induces expression of the p16 INK4a tumor suppressor, a finding in concert with derepression of the CDKN2A promoter. Somewhat paradoxically and in contrast to p16 INK4a , targeting MUC1-C had little effect on activation the ARF locus, suggesting that MUC1-C occupancy on the CDKN2A promoter may differentially repress the p16 INK4a and ARF genes. Our studies on MUC1-C-induced DNMT expression linked changes in DNA methylation patterns to the repression of CDH1 and other tumor suppressor genes (TSGs). 35, 36 Epigenetic silencing of tumor suppressor genes has been proposed to be an early driving event in oncogenesis. 58 Therefore, the effects of MUC1-C on the epigenetic functions of DNMTs and BMI1 may be selective at least in part for tumor suppressor gene silencing. Given the above, PRC1 complexes are recruited to chromatin at sites modified by polycomb repressive complex 2, which catalyzes the trimethylation of K27 on histone H3 (H3K27me3). Accordingly, it will be of interest to determine whether MUC1-C is involved in the regulation of polycomb repressive complex 2 activity.
Finally, with regard to potential clinical impact of the present findings, a Phase I trial of GO-203 has been completed in patients with advanced solid tumors. In addition, based on the marked synergy between GO-203 and decitabine in AML, 36 a Phase I/II trial of this combination is underway for patients with relapsed/ refractory AML. We have also formulated GO-203 in novel polymeric nanoparticles for sustained delivery of this agent to target the cancer epigenome in the clinic. 59 
MATERIALS AND METHODS

Cell culture
Human BT-549, A549/KRAS(G12S), and H460/KRAS(Q61H) cells were grown in RPMI1640 medium (ATCC, Manassas, VA, USA). MDA-MB-231 and MDA- . MUC1-C also interacts directly with BMI1 and contributes to repression of the CDKN2A promoter and suppression of p16 INK4a expression. These findings and the demonstration that MUC1 and BMI1 significantly correlate in breast tumors supports the notion that MUC1-C is, at least in part, responsible for the upregulation of BMI1 in human cancers, which has been linked to tumor promotion by increasing self-renewal capacity, cancer stem-like cells and genomic instability.
MB-468 cells were cultured in Dulbecco's modified Eagle's medium (Corning, Manassas, VA, USA). BT-20 cells were cultured in Eagle's Minimum Essential Medium (ATCC). Media were supplemented with 10% heatinactivated fetal bovine serum (HI-FBS), 100 U/ml penicillin and 100 μg/ml streptomycin. These cells were selected for study based on their comparatively high and low levels of MUC1-C expression ( Supplementary Figure 7) . Cells stably expressing MUC1-C were generated as described. 60 Cells were treated with the MUC1-C inhibitor GO-203 or the control CP-2 peptide. 32 Authentication of cells was performed by short tandem repeat analysis. Cell were monitored for mycoplasma contamination using the MycoAlert Mycoplasma Detection Kit (Lonza, Rockland, MA, USA).
Tetracycline-inducible MUC1 and MYC silencing MUC1shRNA#1 (MISSION shRNA; Sigma, St Louis, MO, USA, TRCN00 00122938), MUC1shRNA#2 (MISSION shRNA; Sigma, TRCN0000122937), MYCshRNA (MISSION shRNA; Sigma, TRCN0000039642) or a control scrambled CshRNA (Sigma) was inserted into the pLKO-tet-puro vector (Addgene, Cambridge, MA, USA; Plasmid #21915). The viral vectors were produced in HEK293T cells as previously described. 60, 61 BT-549, A549, H460, BT-20 and MDA-MB-468 cells expressing tet-MUC1shRNA#1, MDA-MB-231 cells expressing tet-MUC1shRNA#2 and cells expressing tet-MYCshRNA or tet-CshRNA were selected for growth in 1-3 μg/ml puromycin. Cells were treated with DOX (Sigma).
Transient cell transfections
Cells were cultured to 60-80% confluence and transiently transfected with (i) anti-miR-200c or a negative control oligonucleotide (Ambion, Carlsbad, CA, USA) and (ii) a BMI1 siRNA or control siRNA (Cell Signaling Technology, Danvers, MA, USA) using Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA, USA) in accordance with the protocol provided by the manufacturer.
RNA extraction and real-time quantitative reverse transcription PCR
Total RNA was isolated using with Trizol reagent (Invitrogen) following the manufacturer's protocol. Complementary DNA was synthesized from 2.0 μg total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) as described. 62 The Power SYBR Green PCR Master Mix (Applied Biosystems) was used with 1 μl of diluted cDNA for each sample. The samples were amplified using the 7300 Realtime PCR System (Applied Biosystems). Primers used for RT-PCR analysis are listed in Supplementary Table 1 .
Real-time quantitative reverse transcription PCR for miRNA expression
The reverse transcription reaction was performed with the TaqMan MicroRNA RT Kit (Applied Biosystems). Real-time quantitative PCR was performed with TaqMan MicroRNA Assays (Applied Biosystems) and the 7300 Real-time PCR System (Applied Biosystems). The miR-200c signal was normalized relative to that of the endogenous control, RNU48. Data were analyzed according to the comparative Ct method.
BMI1 promoter luciferase reporter assays pGL-BMI1PrWT and pGL-BMI1PrMut reporter vectors were kindly provided by Dr Goberdhan P Dimri. 52 pGL3-BMI1PrWT contains the +45 to -233 region of the BMI1 promoter and untranslated region of BMI1 mRNA. pGL3-BMI1PrMut contains a mutation in the MYC binding sequences (CACGTG mutated to CGCGTG). Cells growing in 24-well plates were transfected with pGL-BMI1PrWT or pGL-BMI1PrMut reporter vector and SV-40-Renilla-Luc in the presence of Lipofectamine 3000 Reagent (Invitrogen). At 48 h after transfection, cell extracts were prepared with passive lysis buffer using the Luciferase Assay System (Promega, Madison, WI, USA). Luminescence was measured with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions.
ChIP assay
Soluble chromatin was precipitated with anti-MUC1-C (NeoMarkers, Fremont, CA, USA), anti-MYC (Abcam, Cambridge, MA, USA), anti-BMI1 (Cell Signaling Technology) or a control non-immune IgG (Santa Cruz Biotechnology, Dallas, TX, USA). For re-ChIP analysis, anti-BMI1 complexes from the primary ChIP were eluted and re-immunoprecipitated with anti-MUC1-C (NeoMarkers). For real-time ChIP qPCR, the SYBR green system was used with the ABI Prism 7300 sequence detector (Applied Biosystems). Data are reported as relative fold enrichment. 35 Primers used for ChIP qPCR of the BMI1 and CDKN2A promoter are listed in the Supplementary  Table 2 .
Immunoblot analysis
Western blot analysis was performed as described previously. 60 Whole cells were lysed in NP-40 buffer, containing phosphatase Inhibitor and protease inhibitor cocktail. Immunoblotting was performed with anti-MUC1-C (NeoMarkers), anti-BMI1, ZEB1, anti-phospho-p65(Ser-536), anti-Ubiquityl-Histone H2A (Lys119), anti-H2A (Cell Signaling Technology), anti-MYC, anti-CDKN2A/p16 INK4a (Abcam), anti-E-cadherin, anti-NF-κB p65 (Santa Cruz Biotechnology), and anti-β-actin (Sigma).
In vitro direct binding assays GST, GST-MUC1-CD, and GST-MUC1-CD(AQA) were prepared as described. 28 GST-tagged BMI1 was generated by PCR amplification of the pT3-EF1a-BMI1 plasmid (Addgene) and subcloning into the pGEX-5X-1 expression vector (GE Healthcare, Pittsburg, PA, USA). Purified GST-MUC1-CD and GST-MUC1-CD(AQA) were cleaved with thrombin to remove the GST moiety. 30 For bindings assays, purified proteins were incubated for 2 h at room temperature. Adsorbates to glutathione-conjugated beads were analyzed by immunoblotting.
Statistical analysis
Each experiment was repeated at least three times. Data are expressed as mean ± s.d. The unpaired Student's t-test was used to examine differences between means of two groups. A P-value o0.05 was considered a statistically significant difference.
Bioinformatics analysis
Clinical data of breast cancer patients was obtained from cBioPortal METABRIC and TCGA data sets. 63 The correlations between MUC1 and BMI1 were assessed using Pearson's correlation coefficient. Additionally, data set of triple-negative breast cancer patients was downloaded from Gene Expression Omnibus (GEO) under the accession number of GSE41970. The data was log 2 transformed and the correlation between MUC1 and BMI1 was assessed using Pearson's correlation coefficient. 26, 29 ABBREVIATIONS BMI1, B-cell-specific Moloney murine leukemia virus integration site 1; PRC1, polycomb repressive complex 1; CSCs, cancer stem-like cells; EMT, epithelial-mesenchymal transition; DSB, double-stranded DNA break; MUC1, mucin 1; MUC1-C, MUC1-C-terminal subunit; DNMT, DNA methyltransferase; DOX, doxycycline.
